Abstract: Cowpea (Vigna unguiculata L. Walp.) is an important legume, and the antioxidant content in cowpea seeds has been recognized as a health-promoting compound for humans. The objectives of this study were to analyze the population structure of cowpea collections and to identify single nucleotide polymorphism (SNP) markers associated with the seed antioxidant content and seed coat colour. A set of 1047 SNPs were used to analyze a 369 cowpea core collection from 47 countries. Results indicated that: (1) there were three clusters in the 369 entries; and the germplasm collected from India, South Africa, and the US showed broader genetic diversity; (2) Scaffold7139_14363 and Scaffold29110_4657 were strongly associated with antioxidant content, and C35063613_1497, Scaffold81493_886, and Scaffold84620_6785 were strongly associated with seed coat colour across three models; (3) significant correlations were detected between the seed antioxidant content and black seed colour (r = 0.45) and between seed antioxidant content and red seed coat colour (r = 0.50); and (4) Scaffold42008_191 and C35082838_2258 were associated with both seed antioxidant content and seed coat colour. The SNP markers identified could potentially be used in marker-assisted breeding to accelerate genetic improvement of cowpea for higher seed antioxidant content.
Introduction
Cowpea (Vigna unguiculata L. Walp.) is an annual legume often referred to as southern pea, black-eye pea, crowder pea, lubia, niebe, coupe, or frijole (Oplinger et al. 1991) . Cowpea originated in Africa (Ehlers and Hall 1997; Singh et al. 2003; Ehlers et al. 2000) . Cowpea is one of the most ancient food sources and has probably been used as a crop plant since Neolithic times (Summerfield et al. 1985 ). The precise center of origin of cowpea has been difficult to determine as it is broadly-adapted and cultivated around the world as a pulse, especially in tropical and subtropical areas. Today, cowpea is widely grown in Africa, Latin America, Southeast Asia and the southern US (Muchero et al. 2009; Tan et al. 2012) . Cowpea is called "poor man's meat" because the seed protein contents range from 23% to 32% of seed weight rich in lysine and tryptophan, and it has a substantial amount of mineral and vitamins (folic acid and vitamin B) necessary for preventing birth defects during pregnancy (Tan et al. 2012) . Cowpea was found high in methionine and threonine compared with chickpea, lentil, and green pea. The total essential amino acids were maximum in cowpea (Iqbal et al. 2006) . Cowpea is low in fat, but rich in dietary fiber and a variety of micronutrients and phytochemicals (Kadam et al. 1985; Siddhuraju and Becker 2007) . Recent evidence suggests that cowpea is effective at binding cholesterol and lowering blood cholesterol in hamsters, thus contributing to chronic disease prevention (Frota et al. 2008) . Research shows that regular consumption of dry beans and other legumes may reduce serum cholesterol, improve diabetic therapy, and provide metabolic benefits that aid in weight control (Anderson et al. 1999; Winham et al. 2007) , as well as reduce the risk of coronary heart disease (Bazzano et al. 2001; Winham et al. 2007 ) and cancer (Abraído-Lanza et al. 2006) .
A number of studies have demonstrated that cowpeas have high antioxidant content (Nzaramba et al. 2005a; Siddhuraju and Becker 2007) . Antioxidants are widely used in dietary supplements and have been investigated for the prevention of diseases such as cancer, coronary heart disease, and even altitude sickness (Brown et al. 2003; Rafieian-Kopaei et al. 2013 ). An antioxidant is a molecule that inhibits the oxidation of other molecules, removes free radical intermediates, and inhibits other oxidation reactions, thus reducing agents such as thiols, ascorbic acid, or polyphenols to prevent diseases (Rahman 2007; Valko et al. 2007 ). Zia-Ul- Haq et al. (2013) determined the antioxidant activity of the methanolic extracts obtained from seeds of four cowpea cultivars. Their results suggested that cowpea seeds maintained greater antioxidant activity than chickpea. Therefore, cowpea can improve nutrient utilization and provide potential nutraceuticals for human health.
It was reported that phenolic antioxidants were associated with the colour pigments of food plants in many studies. In earlier studies, while evaluating variability for antioxidant activity (AOA) in the Regional Southernpea Cooperative Trails, it was observed that high AOA appeared to be associated with dark seed coat colour (Warrington et al. 2002) . The antioxidant activity from five species of legumes with coloured seed coat, pea (Pisum sativum L), faba bean (Vicia faba L.), Lentil (Lens culinaris Medik), and everlasting pea (Lathyrus latifolius L.) was investigated. The result showed that antioxidant substances in legumes were present mainly in the seed coat (Amarowicz et al. 1996) . The inheritance of AOA and its association with seed coat colour was investigated in cowpea. There was a very strong relationship between AOA and seed coat colour. The inheritance pattern of factors governing AOA was similar to that of factors governing seed coat. Therefore, higher level of activity could be obtained utilizing coloured cowpea varieties as parents in crossing for breeding selections (Nzaramba et al. 2005a) .
Association mapping aims to measure deviation from the random occurrence of alleles in a haplotype among unrelated individuals or unrelated families. However, linkage analysis depends on the co-segregation of a genetic phenotype through a pedigree (March 1999) . Linkage analysis in plants has been typically conducted with experimental populations that are derived from a bi-parental cross. Linkage analysis exploits the shared inheritance of functional polymorphisms and the adjacent markers within families or pedigrees of known ancestry. Although based on the same fundamental principles of genetic recombination as linkage analysis, association mapping examines this shared inheritance for a collection of individuals often with unknown ancestry. As the unrelated ancestries extend thousands of generations, the shared inheritance will only persist for adjacent loci after recombination events occur in many generations (Yu and Buckler 2006) . Essentially, association mapping exploits historical and evolutionary recombination at the population level. By exploring population genealogy rather than family pedigree, association mapping offers three advantages over linkage analysis: (1) much higher mapping resolution; (2) greater allele number and broader reference populations; and (3) less research time in establishing an association (Buckler and Thornsberry 2002) .
Currently, single nucleotide polymorphism (SNP) markers are the most frequently employed tagging methods for studying genetic diversity (Courtois et al. 2013; Evans et al. 2015) and genome-wide association (Gurung et al. 2014; Kamfwa et al. 2015) . The emergence of various types of SNP data processing software promotes the application of SNP markers in the analysis of association. In similar studies, SNP markers have been applied in linkage studies for several crops, including wheat (Jighly et al. 2015; Lopes et al. 2015) , corn (Zila et al. 2013; Gowda et al. 2015) , rice (Smith et al. 2011; Talukdar et al. 2015) , and soybean (Kumar et al. 2014; Zhao et al. 2015) . Genotyping by sequencing (GBS) is one of the next-generation sequencing platforms for genome-wide SNP discovery which can be used in association mapping (Elshire et al. 2011; Sonah et al. 2013) .
Using 458 SNPs, Egbadzor et al. (2014) characterize 113 cowpea accessions from Ghana and five from other countries. The results showed that the SNP markers were more efficient in discriminating among the cowpea germplasm than a morphological strategy. The population structure of 171 samples from the United States Department of Agriculture (USDA) core collection was identified and incorporated into a genome-wide association study which supported more than half of the traitassociated regions important in the bi-parental populations (Lucas et al. 2013) .
The cowpea core collection was established by the USDA, and the detailed phenotypic data were collected and recorded. However, there was no systematic report on molecular studies, and no seed antioxidant content and seed coat colours associated mapping was reported. Hence, the objectives of this study was to analyze the population structure in the USDA cowpea core collection, simultaneously to provide research information for effective and efficient germplasm conservation, to conduct association mapping for seed antioxidant content and seed coat colours, and to identify SNP markers associated with seed antioxidant content and seed coat colours for use in molecular breeding efforts in cowpea improvement.
Materials and Methods

Germplasm
A panel of 369 cowpea accessions obtained from the USDA Germplasm Resources Information Network (USDA-GRIN) was used for association analysis. The accessions were collected from 47 countries/regions from Africa (50.53%), Asia (25.00%), North America (14.63%), Europe (1.86%), Latin-America (6.38%), and Oceania (1.60%) (Supplementary Table S1 and Table 1 ).
Phenotypic evaluation
(i) Antioxidant activity evaluation: In order to evaluate variability for antioxidant activity (AOA) in USDA cowpea germplasm core set, a total of available 697 cowpea accessions were analyzed for AOA by Nzaramba et al. (2005a) at Texas A&M University. There were about 7000 cowpea accessions in the USDA collection in GRIN and 720 accessions were selected as a cowpea core set based on geographic representation and lines suggested by a survey from US cowpea breeders during the mid-1990s (Gillaspie et al. 1996 ; https://npgsweb.ars-grin.gov/gringlobal/ methodaccession.aspx?id1=188027&id2=490425). Two grams of dry seed from each accession were ground into powder using a Braun KSM2 coffee grinder. The powder was placed in falcon tubes and 15mL of HPLC-grade methanol was added to each tube. The mixture was homogenized for 3 min with an IKA® ultra-turrax tissuemizer, and centrifuged for 15 min at 15 000 rpm using a Beckman J2-21 centrifuge. The seed extract was analyzed for AOA using the free radical, 2,2-Diphenyl-1-picrylhydrazyl (DPPH) method (Brand-Williams et al. 1995) and expressed as μg of trolox equivalents per gram of dry weight (μg gdw
). The data for AOA in the 697 cowpea accessions was not published in a scientific journal, but they can be viewed and downloaded at the USDA GRIN web site at https://npgsweb.ars-grin.gov/gringlobal/ methodaccession.aspx?id1=188030&id2=493878 and https://npgsweb.ars-grin.gov/gringlobal/descriptordetail. aspx?id=188030. In this research, we used the AOA data in 369 cowpea accessions as the association mapping panel based on available genotypic data (SNP data).
(ii) Cowpea seed colour evaluation: All 369 cowpea accessions were planted in the field at the Research and Extension Station, University of Arkansas, on 26 May during 2014 and 2015. Each accession was planted in a single row 15 ft in length with 3 ft row spacing and 4 in between plants. The seed coat colour was recorded as white (cream), black, red, brown, blue, green, grey, purple, tan, and variations immediately after harvest. The seed colour data were also obtained from the USDA-GRIN website at https://npgsweb.ars-grin.gov/gringlobal/ descriptordetail.aspx?id=188024, where there is seed coat colour data for 6325 cowpea accessions.
Phenotypic data of the seed antioxidant content across seed coat colour were analyzed using Microsoft (MS) Excel 2013 and JMP Genomics 7 software (SAS Institute, Cary, NC, USA) (Sall et al. 2012) for the average, range, standard deviation (Stdev). The correlation coefficient (r) between the seed antioxidant content and each seed coat colour were estimated by the "CORREL" function in Excel. The distributions of the seed antioxidant content crossed seed coat colour were drawn using MS Excel and JMP. An analysis of variance (ANOVA) was conducted for the antioxidant content using JMP for all tested cowpea genotypes and grouped by seed coat colour as a fixed model. The least squared mean (LSM) of each cowpea genotype from JMP was used as the phenotypic data in the association mapping for both seed antioxidant content and seed coat colour trait.
DNA extraction and genotyping-by-sequencing (GBS)
Genomic DNA was extracted following the cetyl trimethylammonium bromide (CTAB) method (Hulbert and Bennetzen 1991) . DNA concentrations were determined with a NanoDrop 200c spectrophotometer (Thermo SCIENTIFIC, Wilmington, DE). DNA qualities were checked on 1% agarose gels with ethidium bromide gel stain. A DNA library was prepared using the restriction enzyme ApeKI following the GBS protocol described by Elshire et al. (2011) . DNA sequencing was conducted using GBS (Elshire et al. 2011; Sonah et al. 2013 ) that was done by HiSeq 2000 in Beijing Genome Institute (BGI). Sequence assembly, mapping and SNP identification were done by BGI using SOAP family software (http://soap. genomics.org.cn/). The SOAPaligner/soap2 (http://soap. genomics.org.cn/) was used to align the short-read to the cowpea genome reference (cowpea_Genome_0.03.fa) and SOAPsnp v 1.05 was used for SNP calling (Li et al. 2009; Li 2011 ). The cowpea_Genome_0.03.fa (6750 scaffolds or contigs) (http://harvest-blast.org/) was kindly provided by Dr. Timothy J. Close, University of California, Riverside. The SNP markers with minor allele frequencies (MAF) lower than 5% were discarded from statistical analysis, where MAF refers to the frequency at which the least common allele occurs in a given population. SNPs with a MAF of 5% or greater were targeted by the HapMap project (The International HapMap Consortium 2005). The remaining 1047 high quality SNP markers were used for population structure and Mark-trait association analysis.
Population genetic diversity and association analysis
Summary statistics including major allele frequency, heterozygosity, and polymorphism information content (PIC) were estimated using the software PowerMarker version 3.25 (Liu and Muse 2005) . STRUCTURE is a program that uses Bayesian methods to analyze multilocus data in population genetics (Kaeuffer et al. 2007 ). This study used a hybrid model and an allelic variation occurrence non-correlative model to examine the population structure of cowpea germplasm. The number of the subpopulation (K) was assumed to be between 1 and 12. Thus, each K was run 10 times, the Markov Chain Monte Carlo (MCMC) length of the burn-in period was set to 20 000 and the number of MCMC iterations after the burn-in was set to 50 000. Delta K was used to screen for appropriate K values. Subsequently, CLUMPP was used to integrate the STRUCTURE-generated results with the "repeat 1000" parameter. In addition, three different association mapping models were used to analyze the association between the molecular markers and seed coat colour, the TASSEL GLM-Q (the general linear model), the mixed linear model (MLM) combining kinship with population structure (Q-matrix) (Bradbury et al. 2007 ; http:// www.maizegenetics.net/tassel), MEGA (Tamura et al. 2013 ) was used to plot the phylogenetic tree of the cowpea germplasm, and JMP® Genomics 7 (Sall et al. 2012) was used to analyze the variance, standard error, and significance.
Results
Seed antioxidant content and seed coat colour variations
A total of 369 accessions from the USDA Cowpea Core Collection were analyzed for seed antioxidant content with six seed coat coloured, among which 27 cowpea accessions are red seed coat colours; 20 black; 24 tan; 134 brown; 16 blue; and 148 white/cream (Table 2, Fig. 1) . Overall, the seed antioxidant content of the 369 showed a biased normal distribution (Left top one of Fig. 2) , ranged from 43.1 to 1838.3 μg g −1 DW, with an average antioxidant content of 641.6 μg g −1 DW. The large ratio between the maximum and minimum with 42.6, indicating there are large variation of seed antioxidant content among the 369 core collection (Table 2 ). Based on seed coat colour, a wider range of seed antioxidant content in each seed coat colour were observed with high ratio (max/min) ranged from 6.6 to 39.9 (Table 2) , indicating a large variation of antioxidant contents existed in each coloured seeds. The distribution of antioxidant content in each coloured group also showed a wider range (Fig. 2) . The ANOVA and T-test showed that seed antioxidant content differed depending on seed coat colours; the red and black coloured seeds contained higher antioxidant content than brown, blue, and white/cream seeds. The white/cream seeds had significantly lower content than the other coloured seeds (Table 2 ), indicating that red and black cowpea contain higher seed antioxidant content. The correlation between antioxidant content and seed coat colours was also observed between black/red seed coat and antioxidant content with 0.55; between red seed coat and seed antioxidant content, and black seed coat and antioxidant content, were 0.50 and 0.45, respectively. In this study, the cowpea seed with darker colour coats showed higher antioxidant content, which agreed with the results of Nzaramba et al. (2005a) . Therefore, in a breeding program, breeders should select darker colour coated seed when breeding for high antioxidant content. The 369 cowpea accessions were originally collected from 48 countries (Supplementary Table S1 and Table 1) , with Botswana, the United States, India, South Africa, Turkey, Nigeria, Senegal, and Mexico being the main contributors with 85.9% (317/369) of the total tested cowpea accessions. The overall mean of seed antioxidant content in the 369 accessions was 641.6 μg g −1 DW. The average of seed antioxidant content was higher than the mean with 641.6 μg g −1 DW from 15 countries:
Uruguay, Japan, Thailand, Cuba, Sri Lanka, Argentina, Congo, Mozambique, Botswana, United States, Ghana, Hungary, Afghanistan, Kenya, and Tanzania (Table 1) . Among the 15 countries, four countries had the majority number of cowpea accessions, where Botswana has 81; United States 36; Afghanistan 10; and Kenya 9, and other 11 countries had only 1, 2, or 3 accessions. The 36 India cowpea accessions had the average antioxidant content closest to the mean, with 649.7 μg g −1 DW. 31 other countries had average antioxidant contents lower than the overall mean.
Population structure and genetic diversity
Analyzing population structure and elucidating its sub-population composition were necessary for the subsequent trait-locus association analysis via linkage disequilibrium in order to avoid false positive results due to the infiltration of sub-populations. The 1047 SNPs were used to perform population structure analysis for the 369 core collection accessions using the STRUCTURE software (Kaeuffer et al. 2007 ). When K = 3, Delta K was maximal with a relatively stable α value. Thus, based on the population structure, the study materials were divided into three clusters. Cluster I was comprised of 116 accessions, from which 43 germplasm were collected from Botswana, 11 from India, 21 from the US, and six from Australia. Cluster II included 159 accessions, with 24 from Botswana, 16 from the US, 14 from India, 12 from Nigeria, 11 from Senegal, eight from Turkey, seven from Mexico, and eight from South Africa. Cluster III contained 101 accessions: 20 from Botswana, 10 from the US, 10 from South Africa, eight from Afghanistan, and seven from Cameroon. The largest number of accessions were from Botswana, which were distributed in the three clusters with the most accessions belonging to cluster I. The accessions from the US were evenly distributed in the three clusters, with a 9.48% ratio in cluster I (11/116), 10.06% ratio in cluster II (16/159), and 9.90% ratio in cluster III (10/101). The accessions from India were only distributed in clusters Iand II (Fig. 3B , Supplementary  Table S1 ). Genetic diversity analysis showed germplasm from India, South Africa, and the US had broader genetic diversity, with the PIC values being 0.26, 0.25, and 0.24, respectively (Table 3) . MEGA software was used to establish a phylogenetic tree from the 369 accessions core collection based on the clustering results from STRUCTURE, and the population was divided into three major branches (Fig. 3C) .
Data from TASSLE was performed using the principal component analysis (PCA) program which also showed three groups, indicating three population structures in this association panel (Fig. 3A) . Thus, the three different analysis software produced similar results.
Association analysis and SNP markers identification
Based on the population structural analysis, an association between 1047 SNPs and the seed antioxidant content was tested using three different models: single marker regression (SMR), the general linear model (GLM-Q), and mixed linear models (MLM-Q + K). The results indicated that, under different significance levels, three different models detected different numbers of SNPs that were strongly associated with the antioxidant content. Twelve SNPs associated with antioxidant content were identified using a single marker test at LOD (-log10(P)) > 3.5 (We define -log10(P) as the LOD value, where P is the P value from TASSEL, and used LOD in the text and tables instead of -log10(P)). Eight and six SNPs associated with antioxidant activity were identified using GLM-Q at LOD >3.5 and MLM-Q + K at LOD >2.0, respectively (Supplementary Table S2 ). Two SNPs, Scaffold7139_14363 and Scaffold29110_4657, were strongly associated with seed antioxidant content across the three models (Table 4) . The association analysis between 1047 SNPs and seed coat colours was also conducted using the three models. For the red coat colour, nine associated loci were identified using MLM-Q + K at LOD >2.0; 13 associated loci were identified using GLM-Q at LOD >3.0; and 13 associated loci were identified using single marker regression at LOD >3.5 (Supplementary Table S3 ). The SNPs C35063613_1497, Scaffold88685_3135, and Scaffold81493_886 were identified crossing three models (Table 4) . For black coat colour, the detected loci were 21, 19, and 1 when using single marker test at LOD >4.5, GLM-Q at -log(P) >3.0, and MLM-Q + K at LOD >2.0, respectively (Supplementary Table S4 ). The SN, C35063613_1497 showed association with the black coat colour across three models (Table 4 ). The numbers of loci associated with black and red coat colour were 13, 8, and 12, respectively, by using single marker regression at LOD >5.0, MLM-Q + K at LOD >2.0 and GLM-Q at LOD >3.0 (Supplementary Table S5 ). Three SNPs, C35063613_1497, Scaffold81493_886, and Scaffold84620_6785, were identified using three different models (Table 4) . Regarding seed coat colours, 9 associated loci were identified using single marker regression at LOD >7.0. Eight associated loci were identified using MLM-Q + K at LOD >2.0; five associated loci were identified using GLM-Q at LOD >3.0 (Supplementary Table S6 ); Two SNPs, Scaffold81493_886 and Scaffold40268_5600, were associated with seed coat colours in three different models (Table 4 ). The SNP C35063613_1497 was pleiotropic and associated with red and black coat colour. It was also associated with coat colours when single marker regression was used. The SNP Scaffold42008_191 related to antioxidant traits and was also associated with black and red coat colour (Supplementary Tables S2, S3, S4, and Table 1) . Similarly, the SNP C35082838_2258 related to antioxidant traits was associated with coat colour as well.
Discussion
Population structure analysis of core collections is valuable for breeding
This study analyzed the population structure of accessions from the USDA cowpea core collection. Based on population structure analysis by STRUCTURE, TASSEL, and MEGA software, 369 accessions were divided into three clusters. Accessions from the same country were likely clustered together, however, some accessions from the same country were distributed into different groups. Genetic diversity analysis showed germplasm from India, South Africa, and the US had broader genetic diversity. Egbadzor et al. (2014) assessed the genetic structure and diversity in 113 cowpea accessions, 48 of which were very diverse morphologically. The core collection is a small-scale sampling, but the collection is strongly representative of total cowpea genetic diversity. Therefore, the core collection is easier to utilize in evaluating cowpea genetic diversity, and thus has great practical use in breeding. Before introducing a suitable germplasm for breeding, it is necessary to clarify the relationship to existing germplasms before it can be used efficiently. The results of population structure analysis can provide detailed information on the genetic similarity of germplasm for breeding. This study provides a theoretical basis for the utilization of the core collection in cowpea breeding. To date, no reports on population structure that could facilitate cowpea breeding have been found in the literature, therefore, we hope this study on the core collection will enhance efficient utilization of cowpea germplasm.
SNP markers for both antioxidant content and seed coat colour
In this study, 369 cowpea accessions showed varying levels of antioxidant content. There was correlation between antioxidant content and seed coat colours. The cowpea seed with darker colour coats had higher antioxidant content. The top 10 high antioxidant content accessions ranged from 1715.79 to 1838.31 μg g −1 DW, the seed coat colours of these 10 accessions had darker colours, and five of them were red and black. Although the genetics of cowpea seed antioxidant content and seed coat colours are not very clear, Nzaramba et al. (2005a) reported four advanced cowpea lines and their F1, F2, BC1, and BC2 populations to elucidate the antioxidant content in cowpea seed coats by estimating Factors governing high antioxidant activity in cowpea seeds appear to be the same factors responsible for seed coat colour, with apparent pleiotropic effects. The minimum number of genes responsible for antioxidant content was estimated at five (Nzaramba et al. (2005a) ). In this study, similar results were observed that significant correlations between seed antioxidant content and black seed coat colour (correlation coefficient = 0.45), between seed antioxidant content and red seed coat colour (r = 0.50). Several SNP markers located at different cowpea genome contigs were identified to be strongly associated with cowpea seed antioxidant content and seed coat colour, indicating both seed antioxidant content and seed coat colour are quantitative traits. Although different SNP markers were identified to be associated with seed antioxidant content and seed coat colours with different models, the two SNP markers Scaffold7139_14363 and Scaffold29110_4657 were strongly associated with antioxidant content; three SNP markers, C35063613_1497, Scaffold81493_886, and Scaffold84620_6785 were strongly associated with seed coat colour across three models; and two SNP markers, Scaffold42008_191 and C35082838_2258, were associated with both seed antioxidant content and seed coat colour, simultaneously. These results indicate that the SNP markers identified in this study could potentially be used in marker-assisted breeding to accelerate genetic improvement of cowpea for higher seed antioxidant content.
Utilization of cowpea accessions with high seed antioxidant content
From the 369 cowpea accessions in this research, black and red coat coloured cowpea accession had higher seed antioxidant with a high correlation, and the result is similar to those from Nzaramba et al. (2005a Nzaramba et al. ( , 2005b . The USDA cowpea accessions with red and black seed coat colour can be used as parents in cowpea breeding programs to release new cowpea cultivars with high seed antioxidant content. Besides the red and black coloured cowpea accessions, some accessions with other colours also had high antioxidant, such as PI 186386 with tan coat colour and PI 582818 with white/ cream coat colour (Supplementary Table S1 ). The top highest antioxidant cowpea among the 369 accessions in this research are PI293587, PI339597, PI194207, PI211642, PI194211, PI186386, PI582818, PI209971, PI582881, and PI582821 (Supplementary Table S1 ), which will be excellent resources in cowpea breeding for high seed antioxidant content in various seed coat colours, and efficient materials on future germplasm preservation, germplasm utilization, and discovery of favorable genes.
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